Background: This study was performed to characterize a gene-addition transgenic mouse containing a BAC (bacterial artificial chromosome) clone spanning the human CYP2C18&19 genes (tg-CYP2C18&19).
Background
The human cytochrome P450 enzymes from the 2C subfamily (CYP2C) are fairly well characterized and are known to metabolise many clinically important drugs. Four members belonging to the CYP2C family are found in man, namely CYP2C8, CYP2C9, CYP2C18 and CYP2C19 [1] . The anticancer drug paclitaxel is metabolised by CYP2C8 and the 6-hydroxylation of this compound is commonly used as a marker for this enzyme [2] . CYP2C9 metabolises many drugs, for example the hypoglycaemic drug tolbutamide [3] , the anticonvulsant phenytoin [3, 4] , the anticoagulant warfarin [5] and a number of nonsteroidal anti-inflammatory drugs including diclofenac and ibuprofen [6] , which have all been used as marker substrates. The CYP2C18 protein has not yet been found in detectable amounts in any tissues [7] , and its in vivo function is, to date, unknown. CYP2C19 stereo-selectively metabolises the S-enantiomer of the anticonvulsant mephenytoin to the metabolite 4-hydroxy-(S)-mephenytoin [8] , and this metabolite is commonly measured to determine CYP2C19 activity in vitro. The 5-hydroxylation of R-omeprazole is selectively performed by CYP2C19 [9] and this reaction is also occasionally used as marker reaction for CYP2C19. A variety of other substrates are known to be metabolised by CYP2C19, such as the biguanide antimalarials [10] , certain barbiturates [11] , the β-blocker propranolol [12] , the anxiolytic diazepam [13] and the antidepressant imipramine [14] .
In contrast to the relatively small human CYP2C family, the mouse Cyp2c family is one of the largest and most complex, with 15 members published to date [1] (for an update, see http://drnelson.utmem.edu/ CytochromeP450.html). Cyp2c29 was the first mouse Cyp2c member identified [15] , followed by Cyp2c37, Cyp2c38, Cyp2c39, Cyp2c40 [16] , Cyp2c44 [17] , Cyp2c50, Cyp2c54 and Cyp2c55 [18] . Six additional murine Cyp2c enzymes have thereafter been identified; Cyp2c65, Cyp2c66, Cyp2c67, Cyp2c68, Cyp2c69 and Cyp2c70 [1] . Their metabolic preferences are poorly characterized but their organ distribution is partially known [16] [17] [18] [19] .
Murine CYP2C enzymes are involved in the metabolism of arachidonic acid, but the products formed differ between the isoforms. Human CYP2C19, on the other hand, is inhibited by the presence of arachidonic acid [20] .
The transgenic mouse presented in this paper contains, in addition to all mouse Cyp2c enzymes, human CYP2C18 and CYP2C19. The inserted human CYP2C18 and CYP2C19 genes are expressed at the mRNA and protein levels, and the inserted CYP2C19 genes have been shown to be functional in vitro in metabolism studies using the CYP2C19 substrates S-mephenytoin and R-omeprazole) [21] .
The aim of the present study was to characterize the humanized CYP2C18&19 mouse model as a basis for upcoming pharmacokinetic and toxicological studies.
Hemizygous humanized CYP2C18&19 mice (tg-CYP2C18&19) were compared with wild-type littermates to obtain information regarding clinical status, body weight, clinical pathology, anatomy and morphology of this particular mouse model.
Methods

Generation of BAC transgenic mice
The transgenic CYP2C18&19 mice characterized in this article were generated as previously described) [21] . In brief, a BAC (bacterial artificial chromosome) clone named BAC RP11-466J14, which contains the CYP2C18 and CYP2C19 genes was purified. BAC DNA was injected into C57BL/6JOlaHsd (C57BL/6) eggs. Founders were identified by genotyping of DNA extracted from tail or ear biopsies.
Genotyping
For PCR detection of the inserted gene segment, gDNA was extracted from tail or ear biopsies either by using established protocols [22] or commercially available kits (DNeasy ® Tissues, Qiagen). The gDNA was amplified in a 20 μL reaction mixture containing 10 μL HiFi PCR MasterMix (ABgene House, Surrey, UK), primers (250 nM of each primer for males or, alternatively, 500 nM of each primer for females) and 1 μL of gDNA. The four different specific primer pairs used are listed in Table 1 . Cycling conditions were 94°C for 2 minutes (denaturation) and then 30 cycles of 94°C for 10 seconds, 60°C for 20 seconds, and 68°C for 45 seconds, followed by a 3 minutes extension at 70°C. The amplification products were analyzed on 1% agarose gels and the amplicons visualized with ultraviolet light.
Animal husbandry
The hemizygous tg-CYP2C18&19 and the C57BL/ 6JOlaHsd (C57BL/6) wild-type littermates used were generated by crossing hemizygous tg-CYP2C18&19 males with C57BL/6JOlaHsd (C57BL/6) wild-type female mice. Wild-type littermates were used as controls. Attempts were also performed to generate homozygous mice by crossing 
Analysis of weight gain and food consumption
All mice were observed for one week prior to necropsy at an age of approximately 11 weeks. During that week, any adverse clinical signs observed on ocular inspection were recorded and the body weight gain and food consumption were measured. Individual body weights were recorded four and six days before necropsy for males and three and six days before necropsy for females. Six males and six females from each genotype (wild-type and tg-CYP2C18&19) were examined.
Pathological evaluation, total body weight and tissue weights
The total body weight of each mouse was determined, to the nearest 0.1 g, prior to necropsy and animals were killed by exsanguination of the common carotid artery under enflurane and nitric oxide anaesthesia. During necropsy, the organs were examined macroscopically and weights of a standard set of tissues (Table 2) were measured, to the nearest mg, prior to fixation. For bilateral organs, the total weight of the pair was recorded.
Forty-eight tissues (Table 2 ) from each mouse were collected and fixed. Eyes were fixed in MFAA (Methanol, Formalin, Acetic Acid); testicles and epididymides were fixed in Bouin's solution and all other tissues in 4% buffered formaldehyde. All tissues preserved were dehydrated, embedded in paraffin and cut into 4 μm sections before they were stained with haematoxylin and eosin for microscopic evaluation.
Clinical pathology parameters and analytical methods
Blood samples for haematology (EDTA tubes) and blood chemistry (lithium heparin tubes) were collected from the orbital plexus under enflurane and nitric oxide anaesthesia, prior to necropsy. Animals were not fasted at the time of blood sampling but the genotype groups were necropsied with every second animal being wild-type and every second being transgenic in order to minimize daytime variations in glycogen content between the groups. At necropsy, one femur was taken for bone marrow analysis. Haematology analysis was performed with an ADVIA ® 120 Haematology System (Bayer Corporation, Diagnostic Division, Tarrytown, US) using standard methodology. Blood chemistry parameters were analysed using a Cobas Integra 400 analyser (Roche Diagnostics Instrument Centre, Switzerland), and appropriate kits. Parameters measured in haematology and blood chemistry are listed in Table 3 .
The bone marrow differentials were determined by flow cytometry as described by Saad et al [23] and the total nucleated cell count, the myeloid: erythroid ratio and the proportion of lymphoid, myeloid, erythroid and nucleated cells were determined. In addition, the proportion of cells staining positive for LDS-751 (laser dye styryl-751) was determined.
Statistical analysis
The statistical comparisons between the transgenic and wild-type groups were performed, using a computerized statistical program (Sigma Stat, version 2.03). All variables were compared with a t-test. Organ weights were compared both as absolute weights and as relative weights (relative to brain and relative to total body weight, data not shown). Box plots in figures were generated using Sigma Plot, 2001 and the plots show the median (line within each box), the 25 th /75 th percentile (outer boundaries of each box) and the 10 th /90 th percentiles (whiskers above and below each box). In addition the minimum and maximum are marked with dots.
Results
Weight gain and food consumption
All male mice either retained or increased their weight during the in vivo part of the study. In the female groups most of the mice gained weight. Two wild-type females and two tg-CYP2C18&19 females decreased in weight, but the weight loss in all cases was ≤ 0.6 g. No significant differences in food consumption were recorded.
Pathological evaluation
At necropsy, all mice were in good nutritional condition. On macroscopical examination, small white foci were found in the eyes of one wild-type female and two tg-CYP2C18&19 females. These macroscopical changes, and the recorded weight differences between groups, did not correlate to any changes on the histopathological level. Minimal perivascular infiltration of neutrophils was found on microscopic examination in the epididymal fat in one tg-CYP2C18&19 male and minimal alveolar histiocytosis was present in one tg-CYP2C18&19 female. All these changes were considered to belong to the spontaneous background pathology observed in laboratory mice of the C57BL/6JOlaHsd strain.
Total body weight and tissue weights
Weight distributions for all tissues within the different genotype and sex groups are shown in Table 4 and the statistically significant organ weight alterations are shown in Figure 1 . Organ weights were compared between genotypes, both as absolute weights, relative to brain weight and relative to the total body weight. The relative data are not presented, since the same organs showed statistically significant weight differences between genotypes regardless of which comparison was used. The only exception was the brain weight relative to total body weight in male mice, which did not show any statistical difference between the transgenic and the wild-type groups.
In both male and female mice, the brain weight was lower in tg-CYP2C18&19 than in wild-type mice (p ≤ 0.05 and p ≤ 0.001 for males and females respectively). The adrenal glands (p ≤ 0.05) and brown fat deposits (p ≤ 0.001) were smaller, while the heart weight was larger (p ≤ 0.001) in the tg-CYP2C18&19 males than in wild-type males. The spleen weight was lower in female tg-CYP2C18&19 than in wild-typefemales (p ≤ 0.05). All other organ weight comparisons (lung, liver, kidney, thymus, retriperitoneal fat deposits, testis, prostate, epididymal fat deposits, uterus and ovaries) showed no significant differences between the genotypes.
Clinical pathology parameters
Comparisons of all clinical pathology variables (between the genetic and sex groups) are shown in Table 5 . Clinical
Comparison of tissue weights between CYP2C18&19 transgenic and wild-type mice Figure 1 Comparison of tissue weights between CYP2C18&19 transgenic and wild-type mice. The figure shows the absolute tissue weights for tissues with statistically significant differences between genotypes. Each group contains 6 animals. Asterisks indicate significant differences between groups, *p ≤ 0.05, ***p ≤ 0.001. wt: wild-type C57BL/6 mice, tg: hemizygous transgenic mice containing human CYP2C18&19. The box plots are presented as described in materials and methods.
pathology parameters with significant differences (p ≤ 0.05) between the genotypes are shown in Figure 2 .
The blood glucose levels were altered in male tg-CYP2C18&19 mice, which had higher levels than wildtype males (p ≤ 0.01). The level of circulating triglycerides in the blood was decreased in female tg-CYP2C18&19 compared to the wild-type females (p ≤ 0.01).
All other haematology parameters and blood chemistry parameters measured showed no significant differences between the genotypes (See Table 3 ). There were no significant differences between the genotypes in any of the bone marrow parameters measured (total nucleated cell count, myeloid: erythroid ratio and the proportion of lymphoid, myeloid, erythroid and nucleated cells). The bone marrow parameter results are shown in Table 6 . The table shows the average absolute tissue weights for each group +/-standard deviations. The statistical comparisons were performed as described in materials and methods. *p ≤ 0.05, ***p ≤ 0.001. wt: wild-type C57BL/6 mice, Tg: hemizygous transgenic mice containing human CYP2C18&19.
Comparisons of clinical pathology parameters between CYP2C18&19 transgenic and wild-type mice Figure 2 Comparisons of clinical pathology parameters between CYP2C18&19 transgenic and wild-type mice. The figure shows the blood chemistry parameters with statistically significant differences between genotypes. Each group contains 6 animals. Asterisks indicate significant differences between groups, **p ≤ 0.01. wt: wild-type C57BL/6 mice, tg: hemizygous transgenic mice containing human CYP2C18&19. The box plots are presented as described in materials and methods.
** ** ** ** 
Discussion
The regulation and functions of the members of the CYP2C family are complex with large variations in expression within, and between, different tissues. The humanized mouse model characterized in this paper may facilitate the study and understanding of the functions of the human CYP2C enzymes. The demonstrated alterations in organ weights and clinical chemistry parameters cannot all be explained with the current knowledge of the CYP2C enzymes.
Arachidonic acid is metabolised in human brain parenchymal tissue to epoxyeicosatrienoic acid, which acts as a potent dilator of cerebral vessels [24] . In rats, this metabolism is carried out by CYP2C11 in the brain [25] and it is therefore possible that other members of the CYP2C subfamily, together with members of other cytochrome P450s subfamilies present in astrocytes, also participate in the metabolism of arachidonic acid in other species. The mouse Cyp2c enzymes are also involved in the metabolism of arachidonic acid and the murine isoforms metabolize arachidonic acid to regio-and stereospecific products [18] . This metabolism could be altered by the insertion of human CYP2C18&19 genes in the mouse model presented and, thereby, influence cerebral blood flow and possibly also the brain weight. The activities of the CYP2C enzymes in the central nervous system have also been proposed to influence the action of neurotransmitters, such as dopamine, which utilize fatty acid metabolites as intracellular mediators [26] .
Alterations in the metabolism of arachidonic acid could possibly also explain the increased heart weight in the male tg-CYP2C18&19 mice. The CYP2C enzymes expressed in the cardiovascular system play a crucial role in the modulation of vascular homeostasis [27] . CYP products such as epoxyeicosatrienoic acids and reactive oxygen species have been implicated in the regulation of intracellular signalling cascades and vascular cell proliferation [28] . Preliminary behavioural studies show an initial increase in locomotor activity for male tg-CYP2C18&19 mice compared to wild-type controls when the mice are put in activity boxes. The increased activity of the transgenic mice could possibly also contribute to the increased heart weight (data not shown).
When focusing on lipid and glucose metabolism, the interactions are even more complex. In the present study, male tg-CYP2C18&19 mice had decreased brown fat deposits compared to wild-type mice and female tg-CYP2C18&19 had decreased levels of circulating triglycerides. The glucose levels were increased in male tg-CYP2C18&19 mice compared to wild-type males. Exogenous glucose administration to rats has been shown to decrease CYP2C6 and the male specific CYP2C11 activity by altering hepatic lipids [29] . If a similar male specific regulation occurs in the tg-CYP2C18&19 mice, this could possibly explain the alterations in glucose levels, fat deposits and blood triglyceride levels observed in this study.
Despite the few organ weight and clinical chemistry alterations observed, the hemizygous tg-CYP2C18&19 mice are considered to be viable and healthy. The alterations observed are also unlikely to cause any decrease in lifespan of the strain since the few tg-CYP2C18&19 male mice kept as breeders have reached an age of 2-3 years (unpublished data).
Conclusion
In the present study a gene-addition transgenic mouse, containing a BAC spanning the human CYP2C18&19 genes, has been characterized. Some alterations in organ weight and clinical pathology parameters were observed. Despite the alterations, no pathological changes were observed macroscopically or histologically and these hemizygous tg-CYP2C18&19 mice were considered to be viable and healthy. Hopefully, this model could be used 
